Recent studies have considerably clarified the mechanism of hydrolysis of ribonucleic acids (RNA) by pancreatic ribonuclease and by spleen phosphodiesterase.
Digestion of RNA with ribonuclease results in the splitting of all pyrimidine-pyrimidine internucleotidic links and of those pyrimidine-purine internucleotidic links which involve C(3w) of the pyrimidine nucleotide (Schmidt et al. 1951; Markham & Smith, 1952; Merrifield & Woolley, 1952; Volkin & Cohn, 1953) . The first stage in the degradation involves the formation of pyrimidine nucleogide-2':3' phosphates (cyclic nucleotides) and the simultaneous splitting of the internucleotidic phosphoester bond distal to C(31) ofthe latter. Thus it is possible to isolate from early ribonuclease-digests of RNA pyrimidine cyclic nucleotides and small polynucleotides comprised of purine nucleotide(s) terminating in a pyrimidine cyclic nucleotide (Markham & Smith, 1952) . Further treatment with ribonuclease hydrolyses these pyrimidine cyclic nucleotides giving pyrimidine nucleoside-3' phosphates only (Brown, Dekker & Todd, 1952; Markham & Smith, 1952) .
Ribonuclease also splits simple esters of pyrimidine nucleoside-3' phosphates but not of pyrimidine nucleoside-2' phosphates to give the nucleoside-3' phosphate and an alcohol, the corresponding cyclic nucleotide appearing as an intermediate in the reaction (Brown & Todd, 1953) . Purine nucleotide esters and purine cyclic nucleotides are not attacked by the enzyme (Markham & Smith, 1951a; Brown, Dekker & Todd, 1952; Brown & Todd, 1953) .
Thus, in these reactions, ribonuclease can be regarded as a phosphodiesterase specific for esters of pyrimidine nucleoside-3' phosphates.
A phosphodiesterase fraction from spleen hydrolyses dinucleotides and simple esters ofnucleoside-3' phosphates but not of nucleoside-2' phosphates to yield in each case a nucleoside-3' phosphate (Heppel, Markham & Hilmoe, 1953; Brown, Heppel & Hilmoe, 1954) . This enzyme fraction, however, 1 differs from ribonuclease in two respects. In the first place, it attacks esters both of pyrimidine nucleoside-3' phosphates and purine nucleoside-3' phosphates. Secondly, evidence from kinetic studies and from the use of radioactive tracers indicates that the enzyme hydrolyses the nucleoside-3' phosphate esters to the corresponding nucleoside-3' phosphate without the intermediate formation of a cyclic nucleotide.
Hitherto, neither ribonuclease nor the spleen phosphodiesterase has been associated with any type of reaction other than the hydrolytic ones mentioned above. We now have evidence that both of these enzymes can participate in synthetic and exchange type reactions. It has been found that ribonuclease can catalyse the formation of certain alkyl esters of pyrimidine nucleotides either from the cyclic nucleotide and the appropriate alcohol or from the corresponding benzyl ester and the appropriate alcohol. Spleen phosphodiesterase has been shown to catalyse the formation of various alkyl esters of nucleoside-3' phosphates from the corresponding benzyl ester and the appropriate alcohol.
A preliminary report of this work has already been published (Heppel & Whitfeld, 1954 (Smith & Markham, 1950) . For the preparation of 'core', the RNA was digested to completion (48 hr., 550) with ribonuclease, N-NH4OH being added at intervals to maintain the pH at neutrality. Chloroform was present to prevent bacterial growth. The digest was then dialysed for 48 hr. at 30 against running distilled water. Any insoluble material which formed was removed by centrifuging and the solution of non-dialysable polynucleotides was freeze-dried and stored at 3°. If the 'core' was to be used for the subsequent preparation of purine cyclic nucleotides (see below), the ribonuclease-digest of RNA was dialysed against running tap water and the polynucleotides precipitated by the addition of ethanol (final concentration of 75 %, v/v). Bioch. 1955, 60 I Cyclic nucleotide&. The 2':3' phosphates of cytidine and ujd,ipe were isolated from ribonuclease-digests of RNA as ,sbiledby Markham & Smith (1952) . The purine cyclic nft? .4.otides were isolated by a slight modification of a revi m ublished procedure (Markham & Smith, 1952 of Whatman no. 3MM filter paper (25 x 50 cm.) in the i8opropanol-water-NH3 system (solvent 1). The ultraviolet-absorbing band with the largest Rp value was cyclic adenylic acid and the band immediately behind it was cyclic guanylic acid. These bands were eluted and freezedried.
Cytidine-2':3' phosphate and adenosine-2':3' phosphate were also synthesized chemically by the method of Brown, Magrath & Todd (1952) .
Simple e8ter8 of ribomononucleotides. Cytidine-2', cytidine-3', adenosine-2' and adenosine-3' benzyl phosphates were chemically synthesized (Brown & Todd, 1953; Brown et al. 1954 (Volkin & Cohn, 1953) .
Reagent grade methanol and ethanol were commercial products.
Enzymes. Ribonuclease was obtained in crystalline form from pancreas (Kunitz, 1940) .
The spleen phosphodiesterase fraction used in the present experiments was prepared as follows (all operations in a room maintained at 30): calf spleen was dispersed in a Waring Blendor with 3 vol. of cold 0-25M sucrose, and the mixture adjusted to pH 5-1 with acetic acid. A bulky precipitate formed which was collected by centrifuging, washed with cold ( -10°) acetone and dried. The dried powder was extracted with 20 parts (v/w) of 0-2m acetate buffer (pH 6) and the solution fractionated with ammonium sulphate at pH 4-9 collecting a fraction which precipitated between 0-45 and 0-7 saturation. Refractionation was carried out with alkaline ammonium sulphate at pH 8-0, this time selecting the fraction precipitating between 0 and 0-62 saturation. The enzyme solution used in these experiments was dialysed against distilled water and contained 7 mg. of protein/ml.
As there is some evidence that the enzyme preparation obtained from spleen by the above method contains more than one phosphodiesterase, further purification of the fraction is being continued (by R. J. Hilmoe and L. A. Heppel) and a detailed description will be published later.
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Methods Chromatographic 8olvent8. Solvent 1: i8opropanol-water (70:30, v/v) , with NH, in the vapour phase (Markham & Smith, 1952) . This solvent was generally used for the separation of products after incubation with enzyme. Solvent 2: saturated (NH4)jS04-i8opropanol-M sodium acetate (80:2:18, v/v/v) (Markham & Smith, 1951b) . This solvent system differentiates between nucleoside-2' and nucleoside-3' phosphates, and between their secondary phosphate esters, provided that the base contains an -NH2 group, compounds having a 2'-phosphate group then having larger RF values than do the corresponding 3'-isomers.
Solvent 3: isopropanol, 170 ml.; conc. HCI, 44 ml.; water to 250 ml. (Wyatt, 1951) .
Electrophoretic 8eparation. The apparatus described by Markham & Smith (1952) was used and the separation was carried out on strips (56 x 9 cm.) of Whatman no. 3MM paper saturated with 0-05x ammonium formate buffer, pH 3-5.
Location of ultraviolet-ab8orbing materials. The purineand pyrimidine-containing compounds were located on the chromatograms and electrophoresis strips by ultraviolet photography (Markham & Smith, 1949 , 1951 (Whitfeld, Heppel & Markham, 1955) . (e) It was unaffected by snake (Crotalus adamanteus) venom whereas cyclic cytidylic acid was converted into cytidine-3' phosphate under the same conditions. Finally, the methyl ester was shown to be exclusively the 3'-isomer by chromatography in solvent 2. In this solvent, chemically synthesized cytidine methyl phosphate, which contains both the 2'-and 3'-isomers, moves as two substances, of which only the slower-moving is hydrolysed by ribonuclease. The latter, then, must be the 3'-isomer (Brown & Todd, 1953) Under experimental conditions comparable to those given in Fig. 1 , cyclic uridylic acid could be converted into the methyl ester or into the ethyl ester by ribonuclease in the presence of the appropriate alcohol. The reaction products were identified 1-2 Vol. 60' by procedures similar to those used in the identification of cytidine-3' methyl phosphate from reaction (1).
Formation of methyl esters of the pyrimidine nucleotides could also be demonstrated in an incubation mixture containing RNA, methanol and ribonuclease. A solution of RNA (1.0 g./7.0 ml.) in 14% (v/v) aqueous methanol, pH 7-0, was placed in a cellophan dialysis bag with 1-25 mg. of ribonuclease and dialysed for 1 hr. at room temperature against 120 ml. of 14% (v/v) aqueous methanol. The dialysate was concentrated in vacuo at 30°and chromatographed in solvent 1. When the chromatogram was compared.with a chromatogram of the dialysate from a control incubation in which there was no methanol, the presence of an extra band of ultraviolet-absorbing material was detected. This extra band, which moved ahead, of the pyrimidine cyclic nucleotides, was found to contain cytidine-3' and uridine-3' methyl phosphates.
Conversion of nucleoside benzyl phosphates into the corresponding alkyl phosphates by ribonuclease When cytidine-3' benzyl phosphate was incubated with ribonuclease in the presence of methanol the formation of cytidine methyl phosphate could be demonstrated: cytidine-3' benzyl phosphate + methanol + cytidine-3' methyl phosphate + benzyl alcohol.
(2)
As in the case of reaction (1), the methyl ester formed was shown, by chromatography in solvent 2, to be the 3'-isomer exclusively.
Under favourable conditions, the amount of the benzyl ester which was converted into the methyl ester was almost equivalent to the amount which was hydrolysed to cytidylic acid. For instance, in one experiment, startingwith 4-2 ,moles of cytidine benzyl phosphate, 5x methanol, 13 ,umoles of phosphate buffer, pH 7-4 and 1-2 jig. of ribonuclease (total volume of 0-09 ml.), after 90 min. incubation at 380, 67 % of the benzyl ester had disappeared and there were formed 1-4 ,umoles of methyl ester and 1-6 pmoles of cytidylic acid. Fig. 2 shows a chromatographic record of such an experiment run for 2 hr., at which time all the benzyl ester had disappeared.
At no stage in the reaction was any more than a trace of cytidine-2':3' phosphate detectable. It therefore seems unlikely that the methyl ester was formed by the production offree cyclic cytidylic acid followed by reaction (1). However, it is possible that on the enzyme surface cytidine-3' benzyl phosphate formed a bound cyclic nucleotide which in turn reacted with the methanol.
Synthesis of the ethyl ester could be shown in an incubation mixture which contained cytidine-3' benzyl phosphate, ethanol and ribonuclease.
Cytidine-2', adenosine-2' and adenosine-3' benzyl phosphates could not be converted into the corresponding alkyl esters in the system, a result to be expected since none of them is hydrolysed by ribonuclease (Brown & Todd, 1953 Exchange reactions catalysed by spleen phosphodiesterase The spleen phosphodiesterase preparation failed to catalyse reaction (1), and there was no synthesis of alkyl esters from the purine cyclic nucleotides and methanol. The enzyme, however, did catalyse reaction (2), forming cytidine-3' methyl phosphate from cytidine-3' benzyl phosphate and methanol. The reaction product was identified by the same procedures as those used for the identification of cytidine-3' methyl phosphate formed in reaction (1).
As with ribonuclease, there was no synthesis of the alkyl ester starting with cytidine-2' benzyl phosphate. In contrast to ribonuclease, spleen diesterase was active with purine nucleotide esters and it cbt*sed the formation of adenosine-3' methyl phosphate from the corresponding benzyl ester and methanol. Identification of the reaction product as adenosine-3' methyl phosphate was based on a comparison of its properties with those of chemically synthesized adenosine methyl phosphate. It was found that both compounds had (a) the same R1, value in solvent 1, (b) the same electrophoretic mobility at pH 3-5, namely 7-5 cm./2 hr. (20v/cm.), and (c) the same stability, which was much greater than thatof cyclic adenylic acid, to 0-1N-HCl at room temperature. Finally, the enzymic product was shown to be the 3'-isomer exclusively, by chromatography in solvent 2. In this solvent, chemicaRly synthesized adenosine methyl phosphate, which contains both the 2'-and 3'-isomers, moves as two substances of which only the slower-moving is hydrolysed by spleen phosphodiesterase. The latter, then, must be the 3'-isomer (Brown et al. 1954) . The enzymically formed methyl ester was found to move in the same position as this isomer in solvent 2.
Experimental conditions and quantitative data for this reaction are presented in Table 2 . It can be seen that, with 0-5M methanol and 0-O1M adenosine-3' benzyl phosphate, of the benzyl ester which has disappeared, 90 % has been hydrolysed and 10 % converted into the methyl ester. However, on increa-sing the concentration of the methanol, the amount ofthe benzyl ester converted into the methyl ester exceeded the amount which was hydrolysed to adenylic acid.
Adenosine-2' benzyl phosphate was inactive in this system. Of several other alcohols which were tried as possible acceptors, ethanol was the only one found to be active (Table 3 ). i8oPropanol Table 3 . Synthesis of adenosine-3' ethyl phosphate from adenosine-3' benzyl phosphate and ethanol by spleen phosphodieseme
Incubation was at 380 and the reaction mixture contained ethanol (2.6m), phosphate buffer, pH 7*4 (0.012m), spleen enzyme (0.7 mg./ml.) and adenosine benzyl phosphate. Concentrations are expressed as jumoles/ml. proved to be ineffective and n-propanol was unsuitable because it completely inhibited the enzyme. Formation of both adenosine methyl phosphate and guanosine methyl phosphate was demonstrated by incubating RNA 'core' (see 'Experimental') with spleen phosphodiesterase in the presence of methanol. Quantitative data, which are given in Table 4 , indicate that ester formation exceeds hydrolysis, but that the presence of methanol inhibits the total reaction when compared with a control incubation containing no methanol. Rates of migration of the esters in solvent 1 are shown in Table 1 .
A more specific example of the formation of nucleoside phosphate esters from polynucleotides by spleen diesterase was demonstrated by incubating the enzyme with the dinucleotide, adenylyluridylic acid, in the presence of methanol. Adenosine methyl phosphate, uridylic acid and a small amount of adenylic acid appeared as end-products of the reaction. If methanol was omitted from the system then uridylic and adenylic acids only were formed. In a typical experiment, 0-27,umole of Expt. VOl. 60 Table 4 . Formation of adenosine-3' and guano8ine-3' methyl phosphate8 from, RNA 'core' and methanol by 8pleen pho8phodie8tera8e The experimental incubation mixture contained 0.05 ml. of 'core' (-=6 mg. of polynucleotide), 0-02 ml. of methanol, 0-015 ml. of 0-15m phosphate buffer, pH 7*4, and 0-015 ml. of spleen phosphodiesterase (2 mg./ml. adenylyl-uridylic acid was digested with 30 lAg. of spleen diesterase in the presence of 500,umoles of methanol (total volume of 0 1 ml.). After incubation at 380 for 135 min., 0 15 ,umole of methyl ester had been synthesized while only 0 02 ,umole of the dinucleotide had been hydrolysed to adenylic acid. Ethanol also acted as an acceptor in this reaction.
DISCUSSION
In recent years many different group transfer reactions have been discovered and for examples reference may be made to review articles on transpeptidation (Hanes, Connell & Dixon, 1952) and transglycosidation (Kalckar, 1954) . Of the phosphatases, only the monoesterases have hitherto been known to participate in exchange reactions (Axelrod, 1948; Green & Meyerhof, 1952; Morton, 1953) . Brawerman & Chargaff (1953a, b) effected the phosphorylation of nucleosides in a system containing a phosphate donor and either a malt diastase or a prostate phosphomonoesterase preparation.
The results described in this paper represent the first demonstration of transfer reactions which are catalysed by phosphodiesterases. Both ribonuclease and spleen phosphodiesterase participate in these reactions in which nucleotide residues act as donor molecules and certain simple alcohols, such as methanol and ethanol, act as acceptor groups. The mechanism of these transfer reactions can best be explained by postulating the intermediate formation of an activated nucleoside-3' phosphoryl group in which the energy of the phosphodiester is still maintained. This activated complex is formed by the enzyme from nucleoside-3' phosphate esters and, in the case of ribonuclease, also frompyrimidine nucleoside-2':3' phosphates. If a suitable acceptor molecule is present the activated complex then reacts with it to give the corresponding ester. In the absence of a suitable acceptor, and to a varying extent even in the presence of one, the complex reacts with water to yield the nucleotide, this constituting a simple hydrolysis reaction.
If the above interpretation is correct then the water present in the incubation mixture must compete against the alcohol as an acceptor for the activated complex. Furthermore, in transfer reactions the energy of the phosphodiester is largely maintained, whereas in the hydrolytic reactions the energy of one of the bonds is released.
Withs this in mind, it is interesting to note that, in many of the experiments described, the amount of nupleotide ester which is involved in transfer reactions is equivalent to, or greater than, the amount of ester which is hydrolysed to the nucleotide, even though the concentration of the acceptor group is small if compared with that of the water present.
The present investigation has confirmed, by a somewhat different approach, previous reports on the specificity of ribonuclease and spleen phosphodiesterase. Thus, ribonuclease is known to hydrolyse the 3'-isomer, but not the 2'-isomer, of cytidine benzyl phosphate (Brown & Todd, 1953) , and we have now shown that only the 3'-isomer of cytidine benzyl phosphate can participate in transfer reactions catalysed by this enzyme. Similarly, both hydrolytic (Brown et al. 1954 ) and exchange reactions catalysed by the spleen diesterase are limited to the nucleoside-3' phosphate esters only. With respect to pyrimidine cyclic nucleotides, Brown, Dekker & Todd (1952) found that hydrolysis by ribonuclease yielded the nucleoside-3' phosphate exclusively. We now observe that cytidine-2':3' phosphate reacts with methanol in the presence of ribonuclease to form only one ofthe possible isomers of cytidine methyl phosphate, namely the 3'-isomer.
It has been suggested phate for the synthesis of cytidine-3' methyl phosphate, spleen diesterase catalysed the synthesis of the methyl ester from cytidine-3' benzyl phosphate only. It would appear that the activity of the latter enzyme does not involve the production or utilization of cyclic nucleotides. As will be shown later (Whitfeld et al. 1955 ) cyclic nucleotides are hydrolysed by an enzyme present in the spleen preparation to give, quite unexpectedly, the nucleoside-2' phosphates. Of the various alcohols which have been tried as possible acceptors in the transfer reactions, methanol and ethanol were found to be the only satisfactory ones. However, it will be shown in the following paper that compounds other than simple alcohols, namely ribonucleosides and cyclic nucleotides, can participate as acceptor molecules in these reactions.
It is unlikely that the ability to catalyse reactions of the type described in this paper is limited to two phosphodiesterases only. For instance the phosphodiesterase from intestinal mucosa which hydrolyses adenosine-5' benzyl phosphate (Brown et al. 1954 ) might well catalyse the formation of adenosine-5'methylphosphate fromthebenzyl ester in the presence of methanol. A similar observation also applies to purified snake venom phosphodiesterase. SUMMARY 1. A group of enzymic exchange reactions involving the transfer of ribomononucleotide residues has been described.
2. Ribonuclease catalyses the formation of cytidine-3' methyl phosphate from cytidine-2':3' phosphate and methanol. A similar reaction occurs with the uridine derivative and also with ethanol in place of methanol. Ribonuclease also catalyses the formation of cytidine-3' methyl phosphate from cytidine-3' benzyl phosphate and methanol, but is inactive towards cytidine-2' benzyl phosphate. 3. Spleen phosphodiesterase catalyses the formation of alkyl esters from both cytidine-3' benzyl phosphate and adenosine-3' benzyl phosphate in the presence of an alcohol, which may be either methanol or ethanol. With this enzyme, however, there is no synthesis of alkyl ester from either cytidine-2':3' phosphate and alcohol, or adenosine-2':3' phosphate and alcohol.
